abbreviatioNs BrM = brain metastasis; GPA = Graded Prognostic Assessment; IORT = intraoperative radiotherapy; KPS = Karnofsky Performance Scale; LMD = leptomeningeal (metastatic) disease; NSCLCa = non-small cell lung cancer; RPA = recursive partitioning analysis; SRS = stereotactic radiosurgery; WBRT = whole-brain radiation therapy; XRS = radiation source. submitted January 30, 2014. accepted November 13, 2014. iNclude wheN citiNg Published online January 23, 2015; DOI: 10.3171/2014.11.JNS1449. disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. obJect The authors assessed the feasibility of intraoperative radiotherapy (IORT) using a portable radiation source to treat newly diagnosed, surgically resected, solitary brain metastasis (BrM). methods In a nonrandomized prospective study, 23 patients with histologically confirmed BrM were treated with an Intrabeam device that delivered 14 Gy to a 2-mm depth to the resection cavity during surgery. results In a 5-year minimum follow-up period, progression-free survival from the time of surgery with simultaneous IORT averaged (± SD) 22 ± 33 months (range 1-96 months), with survival from the time of BrM treatment with surgery+IORT of 30 ± 32 months (range 1-96 months) and overall survival from the time of first cancer diagnosis of 71 ± 64 months (range 4-197 months). For the Graded Prognostic Assessment (GPA), patients with a score of 1.5-2.0 (n = 12) had an average posttreatment survival of 21 ± 26 months (range 1-96 months), those with a score of 2.5-3.0 (n = 7) had an average posttreatment survival of 52 ± 40 months (range 5-94 months), and those with a score of 3.5-4.0 (n = 4) had an average posttreatment survival of 17 ± 12 months (range 4-28 months). A BrM at the treatment site recurred in 7 patients 9 ± 6 months posttreatment, and 5 patients had new but distant BrM 17 ± 3 months after surgery+IORT. Six patients later received whole-brain radiation therapy, 7 patients received radiosurgery, and 2 patients received both treatments. The median Karnofsky Performance Scale scores before and 1 and 3 months after surgery were 80, 90, and 90, respectively; at the time of this writing, 3 patients remain alive with a CNS progression-free survival of > 90 months without additional BrM treatment. coNclusioNs The results of this study demonstrate the feasibility of resection combined with IORT at a dose of 14 Gy to a 2-mm peripheral margin to treat a solitary BrM. Local control, distant control, and long-term survival were comparable to those of other commonly used modalities. Surgery combined with IORT seems to be a potential adjunct to patient treatment for CNS involvement by systemic cancer. Clinical trial registration no.: NCT00107367 (clinicaltrials.gov)
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rain metastasis (BrM) is a common manifestation of systemic cancer and occurs in at least an estimated 100,000 patients yearly in the United States. 2, 4, 32, 41 Whole-brain radiation therapy (WBRT), alone or in combination with excision, has been used for traditional and palliative therapy for nearly all patients with BrM. 4, 15, 19, 20, 22, 23, [30] [31] [32] 41, 43, 44 Most recently, stereotactic radiosurgery (SRS) has been added to the palliative armamentarium. 20, 37, 40 Most chemotherapeutic agents are impotent in the treatment of BrMs because of the relative impenetrability of the blood-brain and blood-tumor barriers. 12, 13, 22, 26 Historically, average survival times for patients with BrM have been 3-12 months, with patient survival primarily determined by the status of systemic (non-CNS) disease. 13, 26, 32, 37 Given these prospects, palliative measures such as WBRT, with diminished concern for potential longterm complications on the CNS, have been used in many patients. More recently, therapies that treat well-selected patient subgroups with metastatic cancer more effectively, such as HER-2 inhibition in women with HER-2-positive breast cancer, blockade of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) in melanoma, and the inhibition of angiogenesis in renal cell cancer, have been developed and enhance long-term survival for some patients. 13 Thus, preservation of CNS function by treating solitary or oligometastases of the brain locally rather than globally has become a potential goal. 5, 26, 38, 39, 46 To assess the utility of local definitive treatment, we performed a feasibility study of single-dose, targeted, intraoperative radiotherapy (IORT) at the time of resection of a solitary BrM as the primary treatment for metastatic cancer and report here our long-term outcomes.
methods device description
The Intrabeam (Carl Zeiss) is a mobile IORT system consisting of a miniature low-energy radiation source (XRS) mounted on a balanced floor stand with 6 degrees of freedom. The XRS consists of a chromium nitridecoated vacuum probe that is 10 cm long and 3.2 mm in diameter. Within this evacuated probe, electrons are accelerated to strike a gold target, resulting in the production of an isotropic dose distribution around the tip of the probe. A set of interchangeable plastic spherical applicators (with diameters ranging from 1.5 to 5 cm) is provided for attachment to the probe. The XRS is powered and controlled by a portable electronic console. The device produces "soft" low-energy radiation (30-50 kV) attenuated rapidly within tissue with a dose-decline rate inversely proportional to the third power of the distance, thereby reducing damage to the surrounding normal brain parenchyma. Background exposure is minimal; shielding of the operating room is not required.
patients and surgery
From October 2004 to August 2007, 23 patients with a single newly diagnosed intracranial metastasis at the Cleveland Clinic were offered participation in this prospective study, which was approved by the Cleveland Clinic Institutional Review Board; informed consent was given by each patient. The patients consented to undergo IORT only if the frozen section confirmed metastatic carcinoma. All 23 enrolled patients were confirmed to have BrM and met the eligibility criteria before IORT began. The study was registered at ClinicalTrials.gov (registration no. NCT00107367).
The study was open to adult patients with a surgically accessible, newly diagnosed, supratentorial, single cerebral BrM, confirmed on MRI with histological evidence of metastatic carcinoma on frozen-section analysis of tissue resected at the time of surgery+IORT. In addition, case selection was limited to patients with an anticipated life expectancy of at least 3 months. Patients with primary lymphoma, germ cell carcinoma, or small cell lung cancer were excluded, but those with radioresistant histologies such as melanoma, renal cell carcinoma, or sarcoma were not excluded. Patients were excluded if they were receiving or had received previous brain radiotherapy of any kind or had other therapy directed at the solitary metastasis (e.g., local chemotherapeutic agents such as polifeprosan 20 with a carmustine implant or directed only at the BrM [such as temozolomide]). Pregnant women were excluded.
intraoperative radiotherapy
Gross-total resection of the single metastasis was performed using surgical navigation and intraoperative ultrasound guidance. Appropriate preoperative antibiotics and steroids were administered. After the tumor was resected, metastasis was confirmed by frozen section, and hemostasis was achieved, we measured the tumor cavity with an appropriately sized, sterilized applicator selected to fit the tumor cavity by measuring the tumor cavity's cross-sectional diameter with a ruler. A radiation physicist performed quality assurance of the Intrabeam system before the initiation of treatment. The Intrabeam device and arm were draped with a sterile clear-plastic cover and the selected sterile applicator was attached to the probe. The applicator was positioned within the tumor cavity so that the spherical applicator was in direct contact with the tumor bed. After correct positioning of the applicator, a standard dose of 14 Gy was delivered to the resection cavity to a depth of 2 mm, per the treatment protocol. This dose was chosen on the basis of previous experience reported in the literature and on experience with SRS dosing at our institution. 1, 8, 10, 11, 14, 16, 18, 28, 34 All nonessential personnel left the operating room. The surgeon and anesthetist remained behind a leaded-glass shield while the treatment was delivered. Portable radiation shields minimized radiation exposure. After delivery of the prescribed dose, the applicator was removed, and the patient's craniotomy was completed. WBRT or other postoperative adjuvant therapies were not offered to patients after Intrabeam IORT unless radiographic or clinical evidence of tumor progression was identified.
assessment of complications and treatment toxicities
All patients underwent clinical evaluation, Karnofsky Performance Scale (KPS) assessment, Folstein testing, and MRI preoperatively (Tables 1 and 2) . 9, 36 Postoperatively, MRI was performed approximately 24 hours after surgery, and postoperative care was unchanged. Follow-up exams were conducted at 1 month, 3 months, and every 3 months thereafter to 5 years. Patient data, including those from physical and neurological examinations, steroid medication dose, KPS score, Folstein assessments, and adverse-event information, were collected at each follow-up visit. MRI was performed at each visit. These scans were compared with previous images to evaluate local control (defined as the absence of tumor recurrence within 2.5 cm from the tumor cavity on contrast-enhanced MRI), distant tumor recurrence, and radiation necrosis. Neuroimaging was performed if a patient developed symptoms or signs suggesting the recurrence of BrM. If recurrence was suspected, a reoperation or a biopsy was performed. If recurrence was confirmed, additional therapies were given, as clinically indicated (Table 2 ).
results
Twenty-three patients underwent resection of BrM and contemporaneous targeted IORT using the Intrabeam. Patient characteristics and outcomes are listed in Tables  1 and 2 . Thirteen patients (56.5%) were men. The patients underwent resection without incident, except for 2 patients who experienced perioperative lower-extremity deep venous thrombosis (within 30 days of surgery).
The average (± SD) largest dimension of the excised BrM was 3.0 ± 1.2 cm (range 15-65 cm), and the average lesion volume was 14.5 ± 16.2 cm 3 (range 1.7-72.3 cm 3 ). Of the 23 patients, 8 were grouped into recursive partitioning analysis (RPA) Class I and 15 were grouped into RPA Class II; 12 had a Graded Prognostic Assessment (GPA) score of 1.5-2.0, 7 had a GPA score of 2.5-3.0, and 4 had a GPA score of 3.5-4.0.
At surgery, IORT was performed successfully and safely in all 23 patients. Different size applicators (range 1.5-4.0 cm) were chosen on the basis of the size of the resection cavity to ensure that the applicator was in direct contact with the entire resection cavity. A delivered dose of 14 Gy to a calculated depth of 2 mm for an average of 15.9 ± 4.8 minutes (range 8.4-25 minutes) was used in all cases. Including the day of surgery, the average length of hospital stay was 3.3 ± 2.2 days (range 2-10 days; median 3 days). Dexamethasone, which was given to each patient for a symptomatic BrM with surrounding cerebral edema, Dex = dexamethasone; Fr = frontal; GPA-DS = disease-specific GPA (where applicable); LOS = length of stay; Met = metastasis; NA = not applicable; O = occipital; P = parietal; T = temporal. * Numbers in parentheses indicate the order in which cancers were diagnosed for patients with more than one type. was stopped 13.1 ± 3.3 days (range 7-21 days) after surgery; administration and cessation were left to the discretion of the surgeon. Postoperative progression-free survival, posttreatment survival, and overall survival times from the time of the first diagnosis of cancer according to RPA and GPA classifications are shown in Table 1 . Median KPS scores before and 1 and 3 months after surgery are summarized in Table 2 .
Seven patients had BrM recurrence at the site of treatment 9.0 ± 5.7 months after surgery+IORT. Five patients had new but distant BrM 16.6 ± 2.8 months after treatment, and of 3 patients with histopathologically confirmed radiation necrosis, all of them had previous SRS, alone or in combination with WBRT to the index lesion (Table 2) . Of the 7 patients with local disease recurrence, 3 had breast cancer, 2 had non-small cell lung cancer (NSCLCa), and 1 each had renal, endometrial, or bladder cancer ( Table 2) . Three of the 7 had pial penetration of tumor (which was resected) at the time of surgery, and each of these 3 (2 with breast cancer, 1 with NSCLCa) had leptomeningeal (metastatic) disease (LMD) as the form of local recurrence. Six patients later received WBRT, and 7 received radiosurgery; 2 patients receiving both treatments (Table 2) .
Three patients remain alive with CNS progression-free survival of 90-96 months without additional treatment for their BrM. Nineteen patients died after a minimum of 5 years of follow-up: 11 (58%) of systemic progression, 3 (16%) of CNS progression, and 4 (21%) of a combination of systemic and CNS progression; 1 patient (5%) died when struck by a vehicle as a pedestrian. The complex medical and neurooncological treatment histories of all the patients, which were not controlled in this study, are representative of those of a busy neurooncology referral practice and are summarized in Table 2 .
discussion
Targeted IORT at the time of resection of a solitary BrM seems to be a safe and effective treatment. Data on survival and local recurrence in this study are shown in Table 2 . Of the 7 patients with local recurrence, 3 had infiltration of the pia mater (which was resected with the specimen) at the time of surgery; however, all 3 of these patients developed recurrence with LMD, suggesting that IORT may not be an optimal therapy for these patients. If one excludes these patients, only 4 (20%) of the remaining 20 patients had local recurrence. Overall, performance statuses (KPS scores) and Folstein scores for assessing cognition did not show deterioration, suggesting that surgery combined with IORT that delivers a 14-Gy dose to the tumor margin is tolerated well in the CNS both locally and at a distance. Additional refinement of the dose for IORT was beyond the scope of this study. However, the moderately high local recurrence rates and lack of radiation necrosis in those who did not undergo further SRS suggest that a higher margin dose for the IORT may be useful and should be studied in future trials with this device.
These results compare favorably with the efficacies of current treatment options, including surgery, WBRT, and SRS, either alone or in various combinations. With surgery, the median survival of patients with solitary BrM treated with surgery alone is just over 10 months. 4, 19, 23, 24, [30] [31] [32] 35, 41, 43 Local and distant recurrence rates are 30.5% and 23.9%, respectively. 4, 19, 23, 24, [30] [31] [32] 41, 43 With WBRT alone, the median survival of patients is approximately 4-7 months, and local and distant recurrence rates are 50% and 52%, respectively. 4, 15, 32, 37, 41 Local and distant recurrence rates seem similar, again at nearly 50%. 4, 15, 32, 37, 41 These data are primarily historical, as modern advances in surgery and SRS have shifted WBRT from a common monotherapy 4, 11, 30, 32 to a modality more typically used as part of combination therapy. 4, 24, 32, 35, 40 With SRS, the median survival in patients treated with SRS monotherapy for solitary BrM averages about 7 months or longer. 20, 32, 41 Local and distant recurrence rates are approximately 30%. 4, 20, 32, 40, 41 Surgery followed immediately by WBRT remains a common and effective strategy for managing a solitary BrM. 4, 15, 19, 31, 32, 41 The median survival of patients undergoing surgery plus WBRT is just over 10 months. 4, 7, 15, 19, 24, 31, 32, 35, 41 Local and distant recurrence rates are approximately 10%-30% each after surgery combined with WBRT, depending on the study and frequency of follow-up. 4, 7, 15, 19, 24, 31, 32, 35, 41 The rates of freedom from local and distant recurrence average approximately 80%. 4, 7, 15, 19, 24, 31, 32, 35, 41 Surgery followed by an SRS boost to the resection bed is a potential treatment option, but rigorous investigations of the efficacy of I/B = Intrabeam; IDL = isodose line; IMRT = intensity-modulated radiotherapy; OS = overall survival, from first diagnosis with the index cancer determined, at the time of microscopic examination of the BrM to be the source of the BrM (see Table 1 ); PFS = progression-free survival in the CNS, both at the site treated with tumor resection and Intrabeam, and/or elsewhere in the brain; Preop = on the morning of surgery; S = systemic. * KPS score at the 1-month follow-up (or, after surgery, when stable, if less than 1 month). † KPS score at the 3-month follow-up. ‡ CNS survival time from the initial diagnosis of BrM.
this strategy are presently unavailable in sufficient quantity to calculate reliable efficacy rates; however, most studies have reported rates similar to those of surgery plus WBRT, local recurrence rates of 6%-20%, distant control rates of 35%-64%, mean survival of 12-20 months, and the need for additional SRS or WBRT in 20%-40% of patients. 6, 17, 20, 25, 26 Another frequently used combination therapy is SRS immediately followed by WBRT. The median survival of patients receiving combined therapy is 10-11 months, 4, 20, 26, 32, 37, 40, 41 and local and distant recurrence rates range from 10% to 20%. 4, 20, 26, 32, 37, 40, 41 Targeted IORT has been used both for CNS lesions such as metastasis and for lesions outside the brain. Several authors have used interstitial iodine-125 brachytherapy seeds stereotactically implanted into metastatic tumors. 3, 27, 33 In a study by Prados et al., 33 14 patients had a median survival time of 63 weeks; however, reoperations for radionecrosis were common. Bernstein et al.
3 treated 10 patients with recurrent disease; 5 patients died of recurrent disease 1 died of systemic disease, and there were 2 long-term survivors (3.5 and 6.2 years). Ostertag and Kreth 27 treated 93 patients with brachytherapy by using a 60-Gy regimen; in 2 groups-one with primary and the other with recurrent metastases-the mean survival times were 15 and 6 months, respectively. Similar results were reported after BrM resection and intracavitary iodine-125 brachytherapy were performed to treat 40 patients; the authors reported a median survival of 11.3 months, a recurrence rate of 12% at the cavity, a recurrence rate of 63% in the brain at 1 year, symptomatic radiation necrosis in 23%, and local LMD in 5 patients. 16 Two recent studies evaluated the use of IORT at the time of stereotactic biopsies in patients with BrMs. 10, 28 Curry et al. 10 reported that of 60 patients with 72 lesions treated with a 16-Gy peripheral dose (range 10-20 Gy), those patients (n = 37) with a single treated lesion survived a mean of 11 months. Pantazis et al. 28 reported on a series of 35 patients with a single metastasis treated with IORT after stereotactic biopsy and implantation of the IORT source; 32 of the patients received a dose of 18 Gy to the lesion wall, and 3 patients received a dose of 15 Gy. Most patients (n = 30) had treatment of a primary tumor; 5 had tumors that recurred after other therapy. The median survival after treatment was 7.4 months.
Thus, the results of our study and others suggest that IORT strategies, when delivered at the time of BrM resection, are feasible, generally safe, and effective, with results that are comparable to those of other treatments used commonly for patients with a BrM. The potential advantages of surgery combined with IORT include ease of use for physicians and convenience for patients because both therapies combined into a single session. 26, 42 There is also the potential for decreasing costs associated with separate therapies as well as the local nature of the treatment, thereby sparing distant areas of the brain that might not need to be treated with WBRT. Reserving WBRT for a later date potentially spares the remainder of the brain from a dose of radiation and may aid in preserving longterm neurocognition, an increasingly important aspect of the neurooncological care of patients with systemic cancer as newer therapies that increase systemic control and overall survival are developed. 5, 21, 29, 45 This study had limitations. This was a prospective, nonrandomized, single-institution study. More patients with a surgically accessible solitary BrM were seen than were treated with surgery. From this subgroup, more patients who were treated with surgery during this time period were either not eligible for or not interested in receiving IORT at the time of surgical resection. No patients with tumors located in the brainstem, midbrain, or deep cerebral nuclear structures or with tumors located infratentorially were in this study. We did not control for the treatment decisions of medical, radiation, or neurosurgical oncologists with respect to the treatment administered before entry to the study or for recurrent CNS or systemic disease, because many of the patients traveled to our center for only one or a few of their therapies, or the treating physicians or the patients themselves had different objectives with respect to risk, benefit, and desired outcome in those situations.
Patients with pial infiltration by tumor may be at greater risk of recurrence and may be less optimal candidates for surgery+IORT. In addition, 14 Gy to a 2-mm depth may not be optimal, although comparisons with the results of Curry et al. 10 (mean 16 Gy, local control rate 81%) and Pantazis et al. 28 (15 or 18 Gy, with local control rates < 50% at 1 year) suggest that our local and distant control rates are comparable to those of other studies and other treatment methods such as surgery alone, surgery plus WBRT, or SRS alone, while having enhanced, on average, rates of progression-free, posttreatment, and overall survival. Furthermore, the treated lesions had diverse origins, differing natural histories, and different presentations. However, the patients treated represent the typical panoply of metastatic disease seen in most neurooncological referral centers, and so this study recapitulates the treatment decisions confronted.
conclusions
This study demonstrates the general safety, feasibility, and potential utility of resection, combined with IORT at a dose of 14 Gy to a 2-mm peripheral margin to treat patients with a solitary BrM. The rates of local control, distant control, and long-term survival are at least comparable to those associated with other commonly used modalities. Surgery plus IORT seems to be a potential complement or adjunct to the multimodality treatment of patients with systemic cancer with CNS involvement and may warrant further study, including the evaluation of increasing the dose delivered with IORT.
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